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Particle physics questions

What are we made of?
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Particle physics IS everywhere
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Particle physics Is everywhere

WHAT/DOES A'SUBATOMIC DUCK
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Up quarks, down quarks, and electrons... oh my!

What else?
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Standard Model of particle physics
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Standard Model of particle physics
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Standard Model of particle physics

Note: spin is intrinsic
value of angular
momentum
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Standard Model of particle physics

electromagnetism
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Standard Model of particle physics

electromagnetism
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Standard Model of particle physics

= proton

= Nneutron

electromagnetism
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Standard Model of particle physics
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Standard Model of particle physics

strong force
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Standard Model of particle physics
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Standard Model of particle physics

weak force
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Standard Model of particle physics
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weak force weak hypercharge governs
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Standard Model of particle physics

A word about
mass. ..

125,000
MeV/c?
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Standard Model of particle physics

A word about
mass. ..
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Standard Model of particle physics

Don’t forget the antiparticles!
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Standard Model of partic\e ohysICS
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Standard Model of particle physics

/"

= [hese discovered fermions — '

x \Whose behavior are described by
interactions with these discovered —
bosons (“force carriers™) using
quantum field theory.
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Standard Model of particle physics

P.S. Gravity is not included
in the Standard Model, but is
very weak. Strength ~10.

A word about strength of forces...

L0

I'm testing
gravity.

force strength (low E) distance
strong L 10-'5 m (nucleus size)
& 1 -
ecdm 137
SaEssasititess 106 10-8 m (0.1% nucleus)
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Neutrinos are hard to detect!

the weak force is weak!
neutrinos interact

times less often than quarks

SRR

A neutrino has a good chance of traveling through
200 earths before interacting at all
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Because they interact rarely...

x \\e increase our chances of observation by studying
very prolific neutrino sources with gigantic detectors!

Tia Miceli 26



Neutrino sources
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Neutrino sources
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cale of neutrino experiments
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Scale of neutrino experiments

Aspen East Sudbury Neutrino Experiment
(SNO)
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Scale of neutrino experiments
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At the beginning, there was beta decay...

Ex. Tritium — Helium + e

e -°
o &
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At the beginning, there was beta decay...

Ex. Tritium — Helium + e

i
o J

Einitial > Efinal
products were missing energy
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Olbservation of e energy spectrum

= Energy conservation was either violated, or a hidden
particle carried away energy.
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A desperate remeay!

x Energy and spin 1/2 carried away by a light “invisible”
particle.

x | ater named “neutrino” by Enrico Fermi
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Neutrino VWanted!

x “Project Poltergeist”

Neutrino Detector:
tank of water and
liguid scintillator

Savannah River
Nuclear Reactor,
South Carolina. 1955
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awarded 1995

to Frederick for detection
of the neutrino
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Spark chamber reveals v,

® V, suspected, then discovered in 1962

Muons created by a muon neutrino
beam in a spark chamber

Tia Miceli 10)
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awarded 1998

to Lederman, Schwartz and Steinberger
for discovery of the vy
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Solar fusion should emit ve

x Bahcall, under current solar models, calculated the
number of electron flavor neutrinos coming from sun.

Tia Miceli 42



leaming up!

x 1968, South Dakota.

Only saw ~1/3 of the expected rate!
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Ray Davis and John Bahcall

Homestake Experiment, 1960s
Tia Miceli
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Neutrino mixing postulated

= Just a few years earlier, such a deficit was predicted due
to different types of neutrinos mixing. (PMNS matrix!)

x Possibly the missing electron neutrinos oscillated to
another flavor.

Bruno ZIro Masami
Pontecorvo '
Tia Miceli Makl Nakagawa 44



Conclusive ewdence

= 3 July 1998, Japan’s

Super-K
el e
detector, sensitive to ;:.-:::;.-:;:.-.....,,_-_-.;._-,-.;,-.‘.._.j
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electron and muon
flavor neutrinos.

Ve sun —»Ve, Vu...
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awarded 2002

to Davis and Koshiba
for “cosmic neutrinos” (solar, atmospheric, supernova)
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lau neutrino

x 2000 Fermilab, DONUT experiment (Direct Observation
of the Nu Tau)

50 micron
" :

Microscopic Image

Tia Miceli
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x 2001, SNO experiment
(Sudbury Neutrino
Observatory) in Canada.

= Heavy water cherenkov
detector, sensitive to all
three neutrino flavors.

Ve sun —Ve, Vu, V1
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Neutrino oscillation propability

Time:  81.6 f(x,1)

AVAO N o V4
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Neutrino oscillation propability

441 Hz
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Neutrino oscillation propability

441 Hz
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Neutrino Oscmatlcm proloablhty
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Why do neutrinos oscillate”?

* Review Schrodinger’s Equation
* Free particle solution
* AsSsume some neutrino mixing

o See what happens later

Tia Miceli
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Schrodinger’s Equation
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Schrodinger’s Equation
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~ Free Particle Solution
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Free Particle Solution

hZ
ih%\ﬂ(r,t) = QmVQ\IJ(I',t) + V(r, t)¥(r,t)

* [or free particle, let potential be zero

e \V(rt)=0
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Free Particle Solution

0 he
zh&\ﬂ(r,t) = va U(r,t) + V(r, t)¥(r,t)

* [or free particle, let potential be zero

e \V(rt)=0

'hg\ll(r t) = - V2 (r, t)
Mo Y T Tom ’
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Free Particle Solution

0 he
zh&\ﬂ(r,t) = va U(r,t) + V(r, t)¥(r,t)

* [or free particle, let potential be zero

e \V(rt)=0
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o Simplify laplacian, by selecting function to propagate in x
direction: r = X.
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Free Particle Solution

0 he
zh&\ﬂ(r,t) = va U(r,t) + V(r, t)¥(r,t)

* [or free particle, let potential be zero

e \V(rt)=0
0 h?
h— W = Y
zhat (r,1) va (r,1)
o Simplify laplacian, by selecting function to propagate in x
direction: r = X.

0 he 0°

zha\ﬂ(m,t) =5 5.3

U(x,t)
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Free Particle Solution

U(z,t)

0 h* 0°

zha\lf(a;‘,t) i

* [or free particle, let it be In a definite energy state, E.
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Free Particle Solution

2 2
B G

zha\lf(a;‘,t) i

* [or free particle, let it be In a definite energy state, E.

2 o2
ihg\lf(x,t):E\If: L U(x,t)

2m 0x?

ot
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Free Particle Solution
ih%\lf(a;‘,t) = th aaxz\lf(a:,t)

* [or free particle, let it be In a definite energy state, E.

2 o2
ihg\lf(x,t):E\If: L U(x,t)

2m 0x?

ot

* [0 solve this partial differential equation, note that the
energy, E, Is independent of x and independent of t:
Break it up into two!
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Free Particle Solution
ih%\lf(a;‘,t) = th aaxz\lf(a:,t)
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Free Particle Solution
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a Free Particle Solution

h—V(x,t) = BV
l at (CIZ‘, )

e |Let’s try a solution of the form:
U(z,t) = Ae®e
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a Free Particle Solution
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a Free Particle Solution

h—V(x,t) = BV
l at (CIZ‘, )

e |Let’s try a solution of the form:
\IJ( ) Aef% o bt

e computing the derivatives:

0 0

—W(x,t) = bAe*e" —W(z,t) = ade* e

ot 0x

9,
E\IJ(J;,IS) = bU(z,t)
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a Free Particle Solution

h—V(x,t) = BV
l at (CIZ‘, )

e |Let’s try a solution of the form:
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a Free Particle Solution

h—V(x,t) = BV
l at (CIZ‘, )

e |Let’s try a solution of the form:
\IJ( ) Aef% o bt

e computing the derivatives:
0

%\If(a’; t) = aAe®® e’

0° 2 bt
w\lf(x t) = a”Ae

0? 2
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a Free Particle Solution

h—V(x,t) = BV
l at (ZC? )

*/ Let’s try a solution of the form:
\IJ( ) Aef% o bt

e computing the derivatives:

E ax bt ax bt
_ 1) = — 1) =

0° 2 bt
w\ﬁ(x t) = a”Ae
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Free Particle Solution

0 h* 0?
h—V = BV BV = v
ot 2m Ox?

ihb¥ = B P —

b:_g SO 2mE
h

CL—’L

2
p :
e Use: £=5—- since we only

2m

have kinetic energy
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Free Particle Solution

0 h* 0?
h—V = BV BV = v
ot 2m Ox?

ihb¥ = B P —

b:_g SO 2mE
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2
p :
e Use: £=5—- since we only

2m

have kinetic energy

_ P
a=1i—
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Free Particle So\utlon
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Free Particle So\utlon

U(z,t) = Ae®@e
U(x,t) = AewP®e= 7 Bt

U(x,t) = Aen e~ HEt=p2)
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Free Particle So\utlon
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Free Particle Solution
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Free Neutrino
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Free Neutrino
U(z,t) = Ae HEt=pT)
* |n bra-ket notation: a=e,UT
Vo (x,t) >= U(x,t)

Tia Miceli



-ree Neutrino
U(z,t) = Ae HEt=pT)
* |n bra-ket notation: a=e,UT
Vo(z,t) >= U(x,1)
Vo, 1) >= Ae

—i(Fqt—pax)
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—ree Neutrino
U(z,t) = Ae HEt=pT)
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AsSsSuMe some Mixing

e Jo simplify, let us consider the 2 neutrino mixing case.
Often used in oscillation experiment papers!
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AsSsSuMe some Mixing

e Jo simplify, let us consider the 2 neutrino mixing case.
Often used in oscillation experiment papers!

= 4 cosf|vy > +sin |y >
= —sinf|v; > + cosf|vy >

Assume flavor eigenstates can be written as a
linear combination of mass eigenstates.

0 is the “mixing angle”

Tia Miceli



Seeing what happens

e Let’'s compute probabillity of “e oscillating some distance
later to
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Seeing what happens

e Let’'s compute probabillity of “e oscillating some distance
later to

P(ve — h
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Seeing what happens

e Let's compute probability of “e oscillating some distance
later to v,..

P(ve = vu) = |< vu(x,1)|ve(0,0) >[°

< v (2, 1) (0,0) > = (=sinf< vy (x,t)| + cos0< vo(x, 1))
- (cosO|v1(0,0) > 4+ sinf|v5(0,0) >)
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Seeing what happens

e Let's compute probability of “e oscillating some distance
later to v,..

P(ve = vu) = |< vu(x,1)|ve(0,0) >[°

< v (2, 1) (0,0) > = (=sinf< vy (x,t)| + cos0< vo(x, 1))
- (cosO|v1(0,0) > 4+ sinf|v5(0,0) >)

= (—sinfe'? < 11(0,0)] 4+ cos B’ < 15(0,0)])
- (cos 0|1 (0,0) > +sin |5 (0,0) >)

— —sin 0 cos 0e'?* - sin 0 cos Oe'??
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Seeing what happens

< v (2, 1) (0,0) > = —sinfcosfe'?" + sin f cos He'
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e Square the amplitude to get the probability:
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Seeing what happens

< v (2, 1) (0,0) > = —sinfcosfe'?" + sin f cos He'
= —sche'?' + sche' P

e Square the amplitude to get the probability:
v (2, 1)|.(0,0) >]% = | — scfe'® + sche'??|?
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Seeing what happens

< v (2, 1) (0,0) > = —sinfcosfe'?" + sin f cos He'
= —sche'?' + sche' P

e Square the amplitude to get the probability:
v (2, 1)|.(0,0) >]% = | — scfe'® + sche'??|?

(—scé’e_iqb.l + 86(96_@:¢2)
. (—sche'Pt + sche’??)
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Seeing what happens

< v (2, 1) (0,0) > = —sinfcosfe'?" + sin f cos He'
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— sin? 0 cos® 6 — sin? 6 cos? e (91— ¢2)
sin? 6 cos? @ — sin? 6 cos? e’ (P1—2)
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Seeing what happens

< v (2, 1) (0,0) > = —sinfcosfe'?" + sin f cos He'
= —sche'?' + sche' P

e Square the amplitude to get the probability:
v (2, 1)|.(0,0) >]% = | — scfe'® + sche'??|?

(—scé’e_iqb.l + 86(96_@:¢2)
. (—sche'Pt + sche’??)

— sin? 0 cos® 6 — sin? 6 cos? e (91— ¢2)
sin? 6 cos? @ — sin? 6 cos? e’ (P1—2)

— sin”® 6 cos? 6’(2 — [e_i(¢1_¢2) -+ ei(¢1_¢2)])
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Some tricks. ..

v (2, 8)[20(0,0) >1?= sin? @ cos? (2 — [e P17 92) 4 eil@1=02)])
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Some tricks...
v (2, 1)|2.(0,0) >|*= sin® 0 cos® 6(2 — [e_i(¢1_¢2) + 6i(¢1_¢2)])
e Trick 1: 2cosa =e¢ " 4 '

Tia Miceli



Some tricks...
V(2. 8)|7e(0.0) >]?= sin® B cos? (2 — [e1(#1792)  ¢id1-02)))
e Trick 1: 2cosa =e " +¢'
= sin” 0 cos? 6(2 — 2cos(p1 — )
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Some tricks. ..
0 (2.0)[1:(0,0) >|?= sin? G cos? (2 — [ (917 92) 4 ¢i(P1-02)])
e Trick1: 2cosa =e " +¢e'
= sin” 0 cos? 6(2 — 2cos(p1 — )
= 2(sinf cos 0)?(1 — cos(¢1 — ¢2))
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Some tricks. ..
0 (2.0)[1:(0,0) >|?= sin? G cos? (2 — [ (917 92) 4 ¢i(P1-02)])
e Trick1: 2cosa =e " +¢e'
= sin” 0 cos? 6(2 — 2cos(p1 — )
= 2(sinf cos 0)?(1 — cos(¢1 — ¢2))
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\Wait, what's ¢ again’
01— 2 = L(Ey — p1 — Es -|-P2)

 Plugin p1 =

P1 — P2 =

+ And back to the probability for oscl &=
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Oscillation Probabilit

P1 — %)
2
LAm%z
4F )

P(v. = v,) = sin*(20) sinz(

= s5in?(20) sin* (

» Taking care of a 1/hc
L
P(v. = 1,) = sin”(26) sin” <1.27Am122§>

where A m+ is in units of eV2, L is km, E is GeV
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So what!?
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So what!?

L
P(v.—v,) = sin®(20)sin’ (1.27 —)

/ \

We observe this
happening In
experiments

deduce vmass >0

Wow! We just showed that oscillations imply that

it neutrinos have mass!
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Still thirsty?

e |tis left as an exercise to the reader to expand the 2
neutrino mixing case to the 3 neutrino case.

Tia Miceli
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x \What’s particle physics? (translated into “Tia Speak™)
x \Where are we in neutrino physics? (Story time!)

x FUN MATH for neutrino masses!

-

\_

x \Where are we going in neutrino physics? (A.K.A why

Tia researches neutrinos)

X

Tia Miceli
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At Fermilab
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At Fermilab




What the future holds for Fermilab

Tia Miceli

LEDERMAN -
SCIENCE CENTER il .

SBN far § o _ v SBN near
detector | A\ detector

DETECTOR

The Short Baseline Program
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What the fut

Tia Miceli

ure holds for Fermilab

mine shafts

T

North Dakota

Minnesota

FERMILAB Wisconsin
SANFORD LAB
Batavia, lllinois South Dakota

S ® -
Nebraska

Illinois
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Why Tia researches neutrinos (1/3)

Our Universe

= Basic unknown properties!

Tia Miceli

S
Mass? / \
How many types? / \\ —

ANTIMATTER

Do neutrinos behave the mﬁe{
same as anti-neutrinos? sseizazass

neutrino = anti-neutrino?
“Majorana”
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Why Tia researches neutrinos (2/3)

= Explore the universe

x see Where light can’t! (Big
bang relic neutrinos!?)

® see inside stars! (solar,
supernovae neutrinos)

Tia Miceli
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Why Tia researches neutrinos (3/3)

x Explore atoms

x Neutrino scattering
probabilities (cross-
sections), used to refine
experiments.

x Spin composition of
protons and neutrons.()

Tia Miceli
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Amazing world of neutrinos!

Wire Numbers (N * 4mm pltch 90 cm)

47cm)

Time (t*vgrift

Comm|SS|on|ng now!
Everyone IS anxious for data!

Tia Miceli

Deposited charge
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Amazing world of neutrinos!

Wire Numbers ( N * 4mm;piAtch,=.92() cm)

47cm)

Time (t*vgrift

,,,,,,,,,,,,,,,

What events WI|| Iook Ilke In MicroBooNE!
~ Commissioning now!
Everyone is anxious for data!

Tia Miceli

Deposited charge
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